The fungus Aspergillus oryzae 1) is one of the oldest and frequently used micro-organisms in Japanese bioindustries. Over the past 1,000 years, the use of hydrolytic enzymes from fungi has become more prevalent in Japanese fermentation industries. Almost all characteristic flavors and tastes of these traditional fermented foods are introduced by traditional solid fermentation of malted rice and/or soy bean using A. oryzae and A. sojae. 2, 3) A. luchuensis, [4] [5] [6] an industrially important black Aspergillus in East Asia, is also used for the production of Japanese traditional spirits, citric acid, and other fermented beverages. The study of enzymes from Aspergillus fungi remains of great importance to the scientific community and to society in Japan.
The invention of Takadiastase by Jokiti Takamine in 1894 has revolutionized the world of industrial enzyme production by fermentation. 7, 8) Sirou Akabori developed the study of of α-amylase (EC 3.2.1.1) from A. oryzae (Taka-amylase A). 9, 10) In 1949, a new γ-amylase from A. luchuensis (A. awamori), which is now classified as glucoamylase (glucan 1,4-α-glucosidase, EC 3.2.1.3), was found by Kitahara and Kurushima. 11) The raw starch affinity site of glucoamylase I from A. luchuensis (A. awamori var. kawachii) was determined by Hayashida et al. 12, 13) and Goto et al. 14, 15) RNase T 1 (guanyloribonuclease, EC 3.1.27.3) was discovered by Sato and Egami. 16) Ando 17) discovered Aspergillus nuclease S 1 (single-stranded nucleate endonuclease, EC 3.1.30.1).
A new zinc-binding motif aspzincin 18) (HEXXH + D) was found in deuterolysin 19) (microbial neutral protease II, EC 3.4.24.39). Four of the 10 glutaminases were involved in glutamate production in soy sauce and the peptideglutaminase reaction was very important for enhancing glutamate. [20] [21] [22] [23] This review also includes our results. Perhaps one of the most exciting fields of modern enzymology is the application of the enzyme technology. Shintani et al. demonstrated Asp76 of aspergillopepsin I [24] [25] [26] [27] [28] [29] (EC 3.4.23.18) from A. tubingensis as the binding site for the basic substrate, trypsinogen, and that a single amino acid mutation (D76S) is sufficient to alter the substrate specificity of the enzyme for trypsinogen. 30 ) Aorsin (EC 3.4.21.-) from A. oryzae has a catalytic triad, Glu 86 , Asp 211 , and Ser 354 , and is not inhibited by pepstatin, a specific inhibitor of pepsin. 31) Serine carboxypeptidase [32] [33] [34] [35] [36] (acid carboxypeptidase, EC 3.4.16.5) of A. tubingensis released lysine, glutamic acid, and leucine from the anticoagulant decapeptide (SQLQEAPLEK) by a single enzyme. 35) The new oligosaccharide moieties Man 10 GlcNAc 2 37) and Man 11 GlcNAc 2 38) of serine carboxypeptidase from A. tubingensis were identified with a new α-1,2-mannosidase residues of Ca 2+ -independent α-1,2-mannosidase from A. tubingensis by site-directed mutagenesis. A yeast mutant compatible of producing Man 5 GlcNAc 2 human compatible sugar chains on glycoproteins was constructed by Chiba et al. 42) The acid activation of protyrosinase [43] [44] [45] from A. oryzae to tyrosinase (EC 1.14.18.1, EC 1.10.3.1) at pH 3.0 is a unique mechanism, in which the tetrameric protyrosinase is dissociates to dimers. The dimerization of acid-activated tyrosinase involving the intermolecular disulfide bond is essential for the activity.
The hyper-protein production system of glucoamylase was established in a submerged culture. 46) The glaB-type glucoamylase was produced under the control of the tyrosinase encoding gene, melO, 44) promoter. This review discusses the catalytic and molecular properties of unique and characteristic enzymes from Aspergillus fungi in Japanese bioindustries.
I. Results obtained using A. oryzae, A. sojae, and A. luchuensis
I.i. The national fungi of Japan
The genome of A. oryzae was sequenced in 2005. 1) And, the genome of A. sojae was sequenced in 2011. 3) Since Inui reported Aspergillus luchuensis from black koji in Okinawa in 1901, many fungal names associated with koji molds were reported. [4] [5] [6] Recently, multilocus sequence typing has been successfully used to taxonomy of black Aspergillus. According to β-tubulin and calmodulin gene sequences, black koji molds can be subdivide in three species, A. luchuensis, A. niger, and A. tubingensis. A. saitoi and A. saitoi var. kagoshimaensis are synonyms of A. tubingensis. A.luchuensis mut. kawachii was suggested particular name for A. kawachii became of their industrial importance.
In 2006, the Brewing Society of Japan authorized the certification of "A. oryzae, A. sojae and A. luchuensis are the national fungi of Japan." 47) I.ii. Carbohydrases The year of 1894 saw the true beginnings of modern microbial enzyme technology, with Takadiastase (Table 1) , a rather crude mixture of hydrolytic enzymes prepared by growing A. oryzae on wheat bran, being marketed in the West for the first time. The major glucosidases of A. oryzae are amylases, α-amylase, and glucoamylase, which break down starch.
By 1951 Akabori established the crystallization 9, 10) of α-amylase (EC 3.2.1.1) from A. oryzae (Takaamylase A) ( Table 1 ). For Taka-amylase A, the amino acid sequence 48) and the nucleotide sequence 49) were determined, respectively. Studies were soon followed by determination of molecular structure. 50,51) Matsuura et al. 51) reported that a complete molecular structure model of Taka 52) A cDNA for A. oryzae glucoamylase was cloned.
53) The complete nucleotide sequence of the cDNA contained an open reading frame encoding 612 amino acid residues. Comparative studies with other fungal glucoamylases showed homologies of 67% with A. niger and 30% with Rhizopus oryzae of the deduced amino acid sequences. In the five conserved regions reported in other fungal glucoamylases, the levels of homologies between those regions of A. oryzae and A. niger enzymes were much higher (78-94%). A. oryzae glucoamylase contained no peptide region abundant in threonine and serine residues (TS-region), like that proposed to absorb onto raw starch in A. luchuensis mut. kawachii (A. awamori var. kawachii) glucoamylase. 53) Two extracellular glucoamylases (EC 3.2.1.3) of A. oryzae were purified from solid-state culture (S-GA) and from submerged culture (L-GA). The two glucoamylases have different molecular masses, 65 kDa for L-GA; 63-99 kDa for S-GA, and different isoelectric points; 4.2 for L-GA; 3.9 for S-GA. Almost all of the enzymatic characteristics of the two glucoamylases were similar, except for thermal stability, initial reaction velocity on pullulan and K m value with soluble starch. Although L-GA could digest raw starch, S-GA demonstrated little activity with raw starch. Peptide mapping and amino acid composition showed that L-GA must be encoded by the glaA gene previously cloned as the glucoamylase-encoding gene from A. oryzae, but S-GA had a different primary structure than the deduced glaA product. Introduction of multiple copies of the glaA gene to A. oryzae caused on elevation of glucoamylase productivity of transformant in submerged culture but not in solidstate culture. These results suggested that the two forms of glucoamylases aries from different genes rather than result from proteolytic processing after polypeptide synthesis of a single protein. 54) The A. oryzae glucoamylase gene glaB is expressed specifically and strongly only during solid-state condition. To elucidate the basis for specificity, the glaB promoter was analyzed by electrophoretic gel mobility shift assay. Two protein-binding elements were estimated to be -382 to -353 and -332 to -313, respectively. To confirm that these regions contained cis-elements, deletion analysis of the promoter was undertaken using β-glucuronidase as a reporter. The results of deletion analysis were consistent with the electrophoretic gel mobility shift assay. The promoter missing the -332--313 element was not induced by low water activity stress during solid-state condition. 55) Regarding the amylase system of A. luchuensis (A. awamori), the following facts are described by Ueda. 56) The dextrogenic amylase has extremely weak action on raw starch, independent of the presence or absence of maltase activity, as compared with the saccharogenic amylase fraction. The saccharogenic and dextrogenic amylase fractions interact each other to promote digestion of raw starch up to about three-times sum of the activity of each fraction. The accelerating-interaction effect solely depends upon the debranching activity of saccharogenic amylase fraction. Raw starch digestion by glucoamylase (EC 3.2.1.3) from Aspergillus is a useful method to economize oil, because the Japanese Government urged the nation to economize oil.
The raw starch affinity site of glucoamylase I from A. luchuensis mut. kawachii (A. awamori var. kawachii) was determined by Hayashida et al. 12, 13) The enzymatically inactive but raw starch-absorbable glycopeptidase-I (Gp-I), which was obtained from raw starch-absorbable, raw starch-digesting glucoamylase I (GAI) of A. luchuensis mut kawachii as a result of proteolysis with subtilisin and proved to contain the raw starch affinity site essential for raw starch digestion, was found to promote the digestion rate of raw corn starch with GAI, maximally to the extent of 2.5 times. The raw starch absorbability of Gp-I was decreased by the partial removal of carbohydrate moiety from Gp-I. The carbohydrate-split GAI could hydrolyze gelatinized substrates almost at the same rate as the native one, but significantly decreased in the absorbability and digestibility onto raw starch in composition with the original one. From the functional and characteristic structure of the parallel short mannoside chains linked to the successive sequence of hydroxyl amino acid residues of Gp-I, the "water-cluster-dissociating model" for the hypothetical mechanism of raw starch digestion by the adsorption of GAI at the affinity site onto starch was proposed.
12) The raw starch affinity site of A. luchuensis mut. kawachii glucoamylase I (GAI) was found to be located separately from the active site in the region corresponding to Gp-I liberated from the GAI through the action of subtilisin. Gp-I consists of 45 amino acid residues, hydroxyl amino acids being characteristically abundant, and 56 mannose residues. The sequence was determined to be ATGGTT-TATTTGSGGVTSTSKTTTTASKTSTTTSSTSCTTP-TAV. A structure of parallelly arranged short mannoside chain linked-O-glycosidically to the successive sequence of hydroxyl amino acid residues on Gp-I was revealed. On comparison of the amino acid sequence of Gp-I with those of three glucoamylases, from A. awamori, A. niger, and Rhizupus oryzae, significantly homologous regions (98, 91 , and 97% homology, respectively) were detected as the affinity site that could be functionally constructed and essential for raw starch-digesting glucoamylase. 13) Furthermore, Goto et al. 14) analyzed the raw starchbinding domain by mutation of a glucoamylase from A. luchuensis mut. kawachii (A. awamori var. kawachii) expressed in Saccharomyces cerevisiae. Functional analysis of O-linked oligosaccharides in threonine/ serine-rich region of glucoamylase by expression in mannosyltransferase-disruptant of yeast was performed by Goto et al. 15) The glaA gene-encoding glucoamylase (GAI) of A. luchuensis mut. kawachii was heterologous expressed in mannosyltransferase mutants of Saccharomyces cerevisiae, in which the pmt1 gene and the kre2 gene were disrupted. The GAI enzymes expressed in these mutant cells exhibited a lesser of O-glycosilation. Secretion of GAI expressed in the pmt1-disruptant and in the kre2-disruptant, respectively, was almost the same as that of GAI expressed in wild strains. The number of O-linked mannose in GAI from wild-type yeast strains regard in size from one (Man1) to five (Man5). On the other hand, the O-linked oligosaccharides of GAI from the pmt1-disruptant ranged in size from Man1 to Man4. Man5 was not detected and Man2-Man4 were reduced in proportion to the reaction of Man2. The O-linked disaccharides of GAI from the kre2-disruptant ranged from Man1 to Man4, and the molar amount of the Man4 was reduced to 27.3%, compared to that of the wild-type strain. The hydrolyzing abilities for soluble starch and the absorbing abilities on raw starch were comparable between both disruptants and wild-type strains. However, the digesting abilities for raw starch of the disruptants were decreased to 70% of those of the wild-type strains. Stabilities of GAI of the disruptants were reduced toward extreme pH and high temperature, compared to those of the wild-type strains. These results demonstrated that the O-linked oligosaccharides of GAI are responsible for the enzyme stability and activity toward insoluble substrates but not for secretion.
For industrial production of high-fructose corn syrup, basic study of α-amylase and glucoamylase from Aspergillus is also important for the initial steps in hydrolysis of starch (rice, wheat, and corn). Isomeric conversion from D-glucose to D-fructose by D-xylose ketol isomerase (EC 5.3.1.5) is important process. The initial basic research on D-xylose isomerase from Lactobacillus brevis was carried out by Yamanaka. 57, 58) Ethyl-α-D-glucoside (Table 2) , a reaction product of α-glucosidase (EC 3.2.1.20, Table 2 ), is useful skin dermatitis.
59) The catalytic reaction mechanisms of carbohydrate hydrolases were discussed by Chiba.
60)
I.iii. Nucleases Ribonuclease T 1 16) (RNase T 1 or guanyloribonuclease, EC 3.1.27.3) ( Table 3 ) was discovered by Sato and Egami in 1957. RNase T 1 is a guanosine-specific ribonuclease that cleaves the 3′,5′-phosphodiester linkage of single strand RNA. Takahashi determined the primary structure of RNase T 1 . 61) Unfolding of RNase T 1 by a denaturant, urea, was suppressed in the presence of salts, and the salt-induced chain folding was observed spectrophotometrically even in 6.9 M urea solution.
62) The salts also induced the chain folding of disulfide-reduced and modified (carboxymethylated or carboxamidomethylated) RNase T 1 into the native conformation, as indicated its spectroscopic properties, but did not restore the enzymatic activity. 62) Such effects of salts in enhancing the stability of the protein conformation have not been observed for pancreatic RNase A (EC 3.1.27.5), 63) suggesting that the conditions for correct folding of a polypeptide chain are different from protein. Nishikawa et al. 64) reported that mutant of RNase T 1 with residue Ala-40 or Ala-92 have almost no activity, while mutants that contain Ala-58 retain considerable activity. These results show that the two histidine residues, His-40 and His-92, but not Glu-58 are indispensable for the catalytic activity of the enzyme. They proposed a revised reaction mechanism in which two histidine residues play a major role as they in the case of RNase A. Protein engineering has been used to identify the residues that contribute to RNase T 1 -catalyzed transesterification.
65)
For commercial enzyme, RNase T 1 is an endoribonuclease that specifically cuts RNA or denatured RNA at the 3′-end of guanosine and adjacent nucleotides through a 2′,3′-cyclic phosphate intermediate mechanism. Unlike RNase A which degrades RNA through cleavage at pyrimidine residues, or RNase I which cleaves at many sites along the RNA molecule, RNase T 1 specifically cuts RNA molecule at guanine residues, making it suitable for assay where base-specific cleavage in desirable. RNase T 1 is cloned from A. oryzae and overexpressed in E. coli to produce a high pure enzyme without contaminating nuclease activities. The enzyme is active in a broad range of reaction buffer.
In 1966, Ando 17) discovered Aspergillus nuclease S 1 (single-stranded nucleate endonuclease, EC 3.1.30.1) ( Table 3 ). Sutton 66) found that a crude preparation of nuclease S 1 from A. oryzae is shown to have a strong preference for heat-denatured DNA as substrate, to be active over a range of ionic strengths, to degrade a variety of a single-strand DNA's to better than 97% acid-soluble materials, and to be capable for removing the single-strand region from ressociated DNA molecules at a range of temperatures without extensively degrading the ressociated duplex regions. Nuclease S 1 displays anomalous reaction kinetics at low substrate concentrations. Aspergillus nuclease S 1 is specifically catalyzes endonucleolytic cleavage to 5′-phosphomononucleotide and 5′-phososphooligonucleotide end products. Purification and further properties of singlestrand-specific nuclease from A. oryzae were reported by Vogt.
67) Penicillium citrinum nuclease P 1 (EC 3.1.30.1) is a similar enzyme. Volbed et al. 68) reported crystal structure of Penicillium citrinum nuclease P 1 at 2.5 A resolution.
Beck 69) recorded Aspergillus nuclease S 1 in "A Chronology of Microbiology in Historical Context." Tools of molecular biology for recombinant DNA are the enzymes that cut and join DNA molecules, respectively, called restriction enzymes and ligases. Nuclease S 1 is also useful enzyme for recombinant DNA technology. Aspergillus nuclease S 1 is also commercial enzyme. Although its primary substrate is singlestranded, it can also occasionally introduce singlestranded breaks in double-stranded DNA or RNA, or DNA-RNA hybrids. The enzyme hydrolyzes singlestranded region in duplex DNA such as loops of gaps.
I.iv. Proteases and glutaminases
Two typical koji molds, A. sajae and A. oryzae, are used. During the fermentation process, koji molds act by breaking down the ingredients. Each species of koji molds reacts differently to the ingredients used and must, therefore, be selected based on the desired product. For example, A. sojae 2, 3) is selected to produce miso and soy sauce due to its high proteolytic ability, and A. oryzae is used widely in sake, miso, and soy sauce production for its high amylolytic ability.
Sato et al. 3) conducted genome sequencing of A. sojae NBRC 4239 isolated from the solid-state culture used to prepare Japanese soy sauce. Of the 2847 open-reading frames with Pfam domain score of >150, 81% had a high degree of similarity with the genes of A. oryzae RIB 40. Comparative analysis identified serine carboxypeptidase (EC 3.4.16.5) ( Table 4 ) and aspergillopepsin I (EC 3.4.23.18) ( Table 4 ) genes unique to A. soaje NBRC 4239. A. sojae NBRC 4239 had 13 serine carboxypeptidases, which was one more than A. oryzae RIB 40, and it had 7 aspartic proteases (aspergillopepsin I) which was 2 less than A. oryzae RIB 40. While A. oryzae possessed three copies of α-amylase (EC 3.2.1.1) gene, A. sojae NBRC 4239 possessed only a single copy. In A. oryzae, amyB codes for so-called Taka-amylase A, which is important for amylolysis. Therefore, a decreased copy number of amyB orthologues in A. sojae likely accounts for the lower amylolytic ability of A. sojae than that of A. oryzae. 18) concluded that deuterolysin is a member of a family of Zn 2+ -metalloendopeptidase with a new zinc-binding motif, aspzincin, defined by the "HEXXH + D" motif and as aspartic acid as the third zinc ligand.
Deuterolysin is extreamly stable at 100°C for 10 min, but relatively unstable around 75°C. Deuterolysin has high activity toward peptides next to a pair of basic residues (Lys-Arg, Arg-His, Arg-Lys, and ArgArg) in histone H4 of the calf thymus. 70) Penicillolysin 71, 72) from Penicillium citrinum is a member of the clan MX and the family of M35 proteases. Penicillolysin is a thermolabile and its activity is almost completely lost above 66°C. Penicillolysin shows 68% sequence identity with that of deuterolysin.
72) Doi et al. 73) had expressed recombinant penicillolysin in A. oryzae and generated several site-directed mutants, R33E/E60R, A167E, and T81P, exploring thermal stabilization of penicillolysin. For thermal stabilization of penicillolysin, they expected that on the polar surface of the helix, electrostatic interaction between acidic and basic residues at Glu-33 and Arg-60 would copy the N-terminal sequence of deuterolysin. They generated the mutant, R33E/E60R. For A167E, they expected penicillolysin to have a hydrogen bond between the acidic residue Glu at position 167 and Thr at position 125. They therefore generated the mutant A167E. Generally, proline residues have less conformational freedom in unfolded structures than any other residues since the proline side chain is fixed by a covalent bond to the main chain. From the structure of deuterolysin, it is evident that three proline residues, Pro-81, Pro-87, and Pro-112, are present in the molecule, but not in penicillolysin. Pro-81 and pro-87 are located in the loop region between β3 and β4, and Pro-112 is located in the loop region between αD and αE. They decided on the position and species of amino acids to be replaced to give enhanced thermal stability. They generated those mutants T81P, T87P, and A112P. The resulting mutant proteins exhibited comparable catalytic efficiency to the wild-type enzyme and some showed a higher tolerance to temperature.
73)
Aspergillus alkaline proteinase (orizin, aspergillopeptidase B, EC 3.4.21.63) (Table 4 ) is a predominant extracellular endopeptidase of A. oryzae 74, 75) and A. sojae. 76) Isolation and characterization of the alkaline protease gene of A. oryzae were reported by Murakami et al.
77)
L-Glutamate (monosodium glutamate) is the most important taste and flavor component in Japanese traditional soy sauce. 78) In soy sauce fermentation, L-glutamate is produced via 2 pathways: [i] direct release from material proteins by proteases and/or peptidases, and [ii] hydrolysis of free-L-glutamine released from material proteins by glutaminases (EC 3.5.1.2). The latter is more important for enhancing taste during soy sauce fermentation because L-glutamine can be converted to pyroglutamate, which has no taste. 20) Recently, 10 genes encoding proteins with glutaminase activity were identified in A. sojae genome; one of the encoded proteins, GahB, acted as the main glutaminase in soy sauce solid-state culture. 21) Ito et al. 22) also found that 4 of the 10 glutaminases, GahA, GahB, GgtA, and Gls, were involved in glutamate production in soy sauce and that peptidglutaminase reaction of GahA and GahB was very important for enhancing glutamate. 22) A. sojae GahA (AsGahA) was localized on the cell wall overexpressing in submerged culture, but was secreted extracellularly in solid-state culture. AsGahA was purified from the cell surface in submerged culture as a complex of three polypeptides A, B, and C.
23)

I.v. Cutinase
The fungal cell wall is a complex structure that is essential for the maintenance of cellular shape and integrity, prevention of cell lysis, and protection against adverse environmental conditions. Hydrophobins are involved in fungal adhesion to solid surface, the formation of protective surface coating on fungal cells, the reduction of water surface tension, and processes that support the growth of fungal aerial structures such as hyphae and conidiospores.
Hydrophobins are amphiphilic secretory proteins with eight conserved cysteine residues and are ubiquitous among filamentous fungi. Hydrophobins are a group of small (~100 amino acids) cysteine-rich proteins that are expressed only by filamentous fungi. They are known for their ability to form a hydrophobic (water-repellent) coating on the surface of an object. 79) Hydrophobin genes involved in formation of aerial hyphae and fruit bodies were discovered in Schizophyllum commune.
80)
Maeda et al. 81) purified cutinase (EC 3.1.1.74) from A. oryzae, and its molecular mass was determined as 21.6 kDa. Specific activities of against poly-(butylene succinate) (PBS), poly-(butylene succinate-co-adipate) (PBSA), and poly-(lactic acid) (PLA) were determined as 0.42 U/mg, 11 U/mg, and 0.067 U/mg, respectively. In this connection, PLA, PBSA are the most promising materials among commercially available synthetic biodegradable plastics. Biodegradable plastics, including PBS and PBSA, which have excellent properties, have not yet been commonly used. Determination of the affinities for different chemicals indicated that the most preferred substrate for the enzyme would consist of butylic acid and n-hexanol.
The Cys3-Cys4 and Cys7-Cys8 loops of hydrophobins are thought to form hydrophobic segments involved in adsorption of hydrophobins on hydrophobic surface. When the fungus A. oryzae is grown in a liquid medium containing the polyester, polybutylen succinate-co-adipate (PBSA), A. oryzae produces hydrophobin RolA, which attaches to PBSA. Tanaka et al. 82) analyzed the kinetics of RolA adsorption on PBSA using a PBSA pull-down assay and a quartz crystal microbalance (QCM) with PBSA-coated electrodes. They constructed RolA mutants in which hydrophobic amino acids in the two loops were replaced with serine, and they examined the kinetics of mutant adsorption on PBSA. Quartz crystal microbalance (QCM) analysis revealed that mutants with replacements in the Cys7-Cys8 loop had lower affinity than wild-type RolA for PBSA, suggesting that this loop is involved in RolA adsorption on PBSA. It can be concluded that the hydrophobic amino acid residues in the Cys7-Cys8 loop of hydrophobins are directly involved in their interaction with the solid materials. The A. oryzae hydrophobin RolA attaches the aliphatic polyester PBSA, then recruits and condenses cutinase CutL1 on the surface. Takahashi et al. 83) identified amino acid residues that are required for the RolACutL1 interaction. Quartz crystal microbalance (QCM) analysis revealed that negatively charged residues (Asp-142, Asp-171, and Glu-31) of CutL1, and positively charged residues (His-32 and Lys-34) of RolA play crucial roles in the RolA-CutL1 interaction via ionic interactions.
II. Our results for A. oryzae and A. tubingensis
II.i. Aspergillopepsin I, aorsin, and serine carboxypeptidase An aspartic endopeptidase from A. tubingensis (formerly designated as A. saitoi 84) ) produced on an industrial scale by us was used in preparation of a human digestant, Molsin, (Fujisawa Pharmaceutical Co., Osaka). 85) Aspergillopepsin I (EC 3.4.23.18) ( Table 4 ) was isolated by Yoshida 24) from A. tubingensis (A. saitoi), a micro-organism used in fermentation of the traditional Japanese spiritual liquor in Kagoshima prefecture. Aspergillopepsin I from A. tubingensis (A. saitoi R-3813, ATCC 14332) was purified to a high degree. 25, 26) The specificity of several fungal aspartic endopeptidases toward the tetradecapeptide of a renin substrate was compared and reported by Majima et al. 27) Aspergillopepsin I favors hydrophobic amino acid residues in P 1 and P 1 ′, but it also accepts Lys in P 1 , which leads to activation of trypsinogen at acidic pH. 28, 29) The selective cleavage by enteropeptidase (enterokinase, EC 3.4.21.9) initiates Lys6-Ile7 bond for trypsinogen. Then trypsin (EC 3.4.21.4) activates other zymogens. Thus, the formation of trypsin by enteropeptidase is the master activation step.
To identify the residue of the substrate binding pocket in determining the specificity of aspergillopepsin I toward basic substrate, this residue was replaced with a serine residue by site-directed mutagenesis.
30) The mutation is a single amino acid change, Asp76 converted to Ser76 (D76S), in the enzyme. The striking feature of this is that only the trypsinogen activating activity was destroyed. It can be concluded that Asp76 is the binding site toward basic substrate. 30) On the basis of amino acid sequence alignments of aspartic proteinases, Asp-76 and Ser-78 of aspergillopepsin I are conserved only in fungal enzymes with the ability to activate trypsinogen, and are located in the active-site flap. Site-directed mutants (D76 N, D76E, D76S, D76T, S78A, and ⊿S78) were constructed, overexpressed in Escherichia coli cells and purified for comparative studies using natural and synthetic substrates. Substitution of Asp-76 to Ser or Thr and deletion of Ser-78, corresponding to the mammalian aspartic proteinases, caused drastic decreases in the activities toward substrates containing a basic amino acid residue at P 1 . In contrast, substrates with a hydrophobic residue at P 1 were effectively hydrolyzed by each mutant enzyme. These results demonstrate that Asp-76 and Ser-78 residues on the active-site flap play important roles in the recognition of a basic amino acid residue at the P 1 position. 86) The substrate specificity of porcine pepsin (EC 3.4.23.1) has been altered to resemble that of fungal aspartic proteinase with preference for a basic amino acid residue in P 1 by site directed mutagenesis. 87) On the basis of primary and tertiary structures of aspartic proteinases, the active-site flap mutants of porcine pepsin were constructed, which involved the replacement of Thr-77 by Asp (T77D), the insertion of Ser between Gly-78 and Ser-79 (G78(S)S79), and the double mutation (T77D/G78(S)S79). The specific activities of the mutants were determined using p-nitrophenylalaninebased substrates containing a Phe or Lys residue at the P 1 position. The double mutant cleaved the Lys-Phe(4-NO 2 ) bonds, while wild-type enzyme digested other bonds. In addition, the pH dependence of hydrolysis of Lys-containing substrates by the double mutant indicates that the interactions between Asp-77 of the mutant and P 1 Lys constitute to the transition state stabilization. The double mutant was also able to activate bovine trypsinogen to trypsin by the selective cleavage of the Lys6-Ile7 bond of trypsinogen. Results of this study suggest that the substrate of the active-site flap contributes to the S 1 substrate specificity for basic amino acid residues in aspartic proteinases. Aorsin 31) (EC 3.4.21.-) (Table 4 ) from A. oryzae RIB40 (ATCC 42149) appeared to require a basic residue at the P 1 position and to prefer paired basic residues. Aorsin activated plasminogen at pH 5.4 and converted trypsinogen to trypsin at pH 5.5. The activity was inhibited strongly by antipain or leupeptin, but was not inhibited by any other standard inhibitors of peptidases. Aorsin has a catalytic triad, Glu-86, Asp-211, and Ser-354, and is not inhibited by pepstatin. Aorsin is another of the S53 family serine-carboxyl proteinases (EC 3.4.21.100, sedolisin) proteinases that are not inhibited by pepstatin. Sedolisins 88) (serine-carboxyl peptidases, EC 3.4.21.100) are proteolytic enzymes that fold resembles that of subtilisin; however, they are considerably larger, with the mature catalytic domains containing approximately 375 amino acids. The defining features of these enzymes are a unique catalytic triad, Ser-Glu-Asp, as well as the presence of an aspartic acid residue in the oxyanion hole.
A new type of acid carboxypeptidasee (serine carboxypeptidase, EC 3.4.16.5) [32] [33] [34] of A. tubingensis (A. saitoi) ( Table 4) was found in 1972. The purified enzyme was found to be essentially homogeneous by such criteria as sedimentation in the ultracentrifuge and disk electrophoresis. According to the Yphantis' procedure, the molecular weight of the enzyme was found to be 139,000. The sedimentation constant was determined to be 7.3 S. The enzyme has a pH optimum at pH 3.1 for benzyloxycarbonyl-Glu-Tyr (Z-Glu-Tyr), pH 3.5 for Z-Tyr-Leu, pH 3.2 for Z-Gly-Pro-Leu-Gly, and pH 3.5 for benzoyl-Gly-Lys (Bz-Gly-Lys). The activity was inhibited by diisopropylfluorophosphate (DFP) at pH 6.0, and was not affected by ethylenediamine tetraacetate (EDTA) at pH 5.2. These observations were considered as suggesting that the Aspergillus carboxypeptidase differs from the known carboxypeptidase A (EC 3.4.17.1) and carboxypeptidase B (EC 3.4.17.2). Takaki et al. 35) reported that lysine, glutamic acid and leucine were released from the anticoagulant decapeptide (SQLQEAPLEK) by A. tubingensis (A. saitoi) serine carboxypeptidase. Serine carboxypeptidase from A. tubingensis (A. saitoi) removes acidic, neutral, and basic amino acids as well as proline from the C-terminal position at pH 2-5. The bitterness of peptides from soybean protein hydrolysates was reduced by A. tubingensis (A. saitoi) serine carboxypeptidase. 89) cpdS, cDNA encoding A. tubingensis (A. saitoi) carboxypeptidase, was cloned and expressed. 36) Analysis of the 1816-nucleotide sequence revealed a single open-reading frame coding for 523 amino acids. When A. tubingensis (A. saitoi) carboxypeptidase cDNA was expressed in yeast cells, carboxypeptidase activity was detected in the cell extract and was immunostained with a 72 kDa protein with polyclonal anti-(A. tubingensis (A. saitoi) carboxypeptidase) serum. The recombinant enzyme treated with glycopeptidase F migrated with an apparent molecular mass of 60 kDa on SDS/ PAGE, which was the same as that of the de-N-glycosilated carboxypeptidase from A. tubingensis (A. saitoi). Site-directed mutagenesis of the cpdS indicated that Ser-153, Asp-357 and His-436 residues were essential for the enzyme catalysis. It can be concluded that A. tubingensis (A. saitoi) carboxypeptidase has a catalytic triad comparing Asp-His-Ser and is a member of serine carboxypeptidase family (EC 3.4.16.1).
II.ii. α-1,2-Mannosidase from A. tubingensis (A. saitoi)
An acidic α-1,2-mannosidase 39) (mannosyl-oligosaccharide 1,2-α-mannosidase, EC 3.2.1.113) ( Table 1) has been isolated from A. tubingensis (formerly designated as A. saitoi). The molecular mass of the enzyme was 51,000 and the isoelectric point pH 4.5. The enzyme has a pH optimum of 5.0 with bakers' yeast mannan and has no activity toward p-nitrophenyl-α-D-mannoside.
Aspergillus α-1,2-mannosidase can readily convert Manα→1-2Manα1→3Manβ1→4GlucNAc OT to Manα1→3Manβ1→4GlucNAc OT . 40) On the other hand, Manα1→3Manβ1→4GlcNAc OT and Manα1→ 6Manβ1→4XylNAc OT were completely resistant to enzyme action. The optimum pH for Manα1→ 2Manα1→3Manβ1→4GlucNAc OT is approximately 5.0. The K m and V max values for the tetrasaccharide were calculated as 0.8 mM and 10 μmol/min/mg enzyme. The oligosaccharides described above were purified from urine of mannosidosis patient, hereditary disease.
The serine carboxypeptidase (acid carboxypeptidase) from A. tubingensis (A.saitoi) contains a high amount of the carbohydrates. The new oligosaccharide moieties, Man 10 GlcNAc 2 37) and Man 11 GlcNAc 2 , 38) were identified with α-1,2-mannosidase 39) from A. tubingensis (A.saitoi) by Chiba et al. (Fig. 1) . These sugar chain structures have not been found in yeast and animal.
Five crucial carboxyl residues of α-1,2-mannosidase from A. tubingensis (A. saitoi) were identified by sitedirected mutagenesis.
90) Molecular properties of recombinant α-1,2-mannosidase overexpressed in A. oryzae were determined. 91) Approx. 320 mg of pure enzyme was obtained per liter of culture. The roles of conserved active carboxylic acids in the catalytic mechanism of A. tubingensis (A. saitoi) α-1,2-mannosidase were studied by site-directed mutagenesis and kinetic analysis. 41) Tatara et al. 41) estimated that Glu-124 is a catalytic residue based on the drastic decrease of k cat values of the E124Q and E124D mutant enzymes. Glu-124 may work as an acid catalyst, since the pH dependence of its mutants affected the basic limb. D269 N and E411Q were catalytically inactive, while D269E and E411D showed considerable activity. This indicated that the negative charges at these points are essential for the enzymatic activity and that none of these residues can be a base catalyst in the normal sense. K m values of E273D, E411D, and E474D mutants were greatly increased to 17-31-fold wild-type enzyme, and the k cat values were decreased, suggesting that each of them is a binding site of the substrate. Ca 2+ , essential for the mammalian and yeast enzymes, is not required for the enzymatic activity of A. tubingensis (A. saitoi) α-1,2-mannosidase. EDTA inhibits the Ca 2+ -free α-1,2-mannosidase as a competitive inhibitor, not as a chelator. The catalytic mechanism of α-1,2-mannosidase may deviate from that typical glycosyl hydrolase. This is the first report demonstrating that α-1,2-mannosidase requires no divalent metal cation for the activity. Tatara et al. 92) also reported a single free cysteine residue (Cys-443) and disulfide bond (Cys-334 and Cys-363) contribute to the thermostability of A. tubingensis (A. saitoi) α-1,2-mannosidase. These results are consistent with the crystallographic data of Penicillium α-1,2-mannosidase 93) in the corresponding cysteine residues are involved in the formation of disulfide bond.
A yeast mutant capable of producing Man 5 GlcNAc 2 human-compatible sugar chains on glycoprotein was constructed. 42) An expression vector for α-1,2-mannosidase with the "HDEL" endoplasmic reticulum retention/retrieval tag was designed and expressed in Saccharomyces cerevisiae. An in vitro α-1,2-mannosidase assay and western blot analysis showed that it was successfully localized in the endoplasmic reticulum. A triple mutant yeast lacking three glycosyltransferase activities was then transformed with an α-1,2-mannosidase expression vector. The oligosaccharide structures of carboxypeptidase Y as well as cell surface glycoproteins were analyzed, and the recombinant yeast was shown to produce a series of high mannose-type sugar chains, including Man 5 GlcNAc 2 . This is the first report of a recombinant S. cerevisiae able to produce Man 5 GlcNA 2 -oligosaccharides, the intermediate for hybrid-type and complex-type sugar chains. 42) α-Mannosidase activities toward high-mannose oligosaccharides were examined with a detergent-solubilized microsomal preparation from A. oryzae. 94) In the enzymatic reaction, the pyridylaminated substrate Man 9 GlcNAc 2 -PA was trimmed to Man 8 GlcNAc 2 -PA which lacked one α-1,2-mannose residue at the nonreducing terminus of the middle branch (Man8B isomer), and this manno-oligosaccharide remained predominant through the overall reaction. 94) The results suggest that the activity is the same type as was previously observed with human and yeast endoplasmic reticulum (ER) α-mannosidases.
The gene manE, encoding probable class I endoplasmic reticulum α-1,2-mannosidases (ER-Man), was identified from A. oryzae due to similarity to orthologs. It removes a single mannose residue from Man 9 GlcNAc 2 , generating Man 8 GlcNAc 2 isomer B. Disruption of manE caused drastic decreases in ER-Man activity in A. oryzae microsomes. 95) II.iii. Acid activation of proyrosinase from A. oryzae
Kojic acid (5-hydroxy-2-(hydroxymethyl)-4H-pyran-4-one) ( Table 2 ) is antibiotic substance produced by A. oryzae. Isolation was performed by Saito in 1907. The chemical structure of kojic acid was reported by Yabuta in 1924. 96) For A. oryzae tyrosinase, competitive inhibition was observed with kojic acid. 97) Melanin has many biological functions. Reactive quinone intermediates in the melanin biosynthetic pathway exhibit antibiotic properties. The melanin polymer is an important strengthening element of plant cell walls and insect cuticles. Melanin is a powerful cation chelator and may act as free radical sink.
Tyrosinase is a key enzyme involved in the biosynthetic pathway for melanin formation. The first two steps in the pathway are the oxygenation of monophenol to o-diphenol (monophenol monooxygenase, EC 1.14.18.1) and the oxidation of diphenol to o-quinones (catechol oxidase, EC 1.10.3.1), both using molecular oxygen.
A. oryzae protyrosinase (pro-TY) has a unique feature that the proenzyme is activated under condition of acidic pH (3.0). 43) The coding region of the protyrosinase gene, melO, from A. oryzae occupies 1671 bp of the genomic DNA. 44) The protyrosinase was inactive at pH 7.0. The latent enzyme was activated at pH 3.0, and was slightly activated by sodium dodecyl sulfate (SDS). The molecular masses of the pro-TY and acid-activated tyrosinase (acid-TY) were 266 and 165 kDa, respectively, as estimated by gel filtration chromatography. The CD spectra showed that the tertiary and/or quaternary structure changed after acid activation. On the basis of these results, Tatara et al. 45) deduced that the inter-subunit polar interaction is disrupted at pH 3.0, and the tetrameric pro-TY dissociates to dimers. Tryptophan fluorescence spectra and binding assay of 8-anilino-1-naphthalene sulfonic acid (ANS) suggested that hydrophobic amino acid residues of the active site were exposed to solvent after acid treatment. It was likely that Cys-108 formed an intermolecular disulfide bond between the subunits of dimeric acid-TY. The dimerization of acid-TY involving the intermolecular disulfide bond is essential for the activity. The hyper-protein production system was established in submerged culture under the tyrosinase-encoding gene (melO 44) ) promoter. 46) Expression of the glucoamylase-encoding gene 52, 53) (glaB), which is specifically expressed in solid-state culture of A. oryzae, and the tyrosinase-encoding gene (melO), was analyzed using an E. coli β-gluculonidase (GUS) reporter assay to investigate this phenomenon. Although no common regulation was found for melO and glaB expression, the former was greatly enhanced in submerged culture. Interestingly, the melO promoter was about four times stronger for GUS production than the powerful promoters, amyB, glaA, and modified agdA, previously isolated for industrial heterologous gene expression in A. oryzae. These findings indicated that the melO promoter would be suitable for hyper-production of heterologous protein in Aspergillus. The glaB-type glucoamylase selected the target protein was produced in a submerged culture of A. oryzae under the control of the melO promoter. The maximum yield was 0.8 g/L broth, and the total extracellular protein purity was 99%. Repeated batch culture, to improve productivity, gave a maximum yield of 3.3 g/L broth. The importance of this work is in the establishment of both high-level and high-purity protein overexpression system in A. oryzae by use of the melO promoter. 46) Obata et al. 98) cloned a novel tyrosinase-encoding gene (melB) specifically expressed in solid-state culture of A. oryzae. Molecular cloning showed that the gene carried six exons interrupted by five introns and had an open-reading frame encoding 616 amino acid residues. This gene was designated as melB. The deduced amino acid sequence of the gene had weak homology with the tyrosinase MelO 44) in submerged culture of A. oryzae, but the sequences of the copper-binding domains were highly conserved. These results indicated that the melB gene encodes a novel tyrosinase associated with melanization in solid-state culture.
III. Conclusion
In conclusion, modern enzymology in Japanese bioindustries is advancing by quantum leaps over 100 years. All described above are widely recognized worldwide. On the basis of the difference Fourier analysis and the model fitting study of Taka-amylase A, glutamic acid (Glu-230) and aspartic acid (Asp-297); which are located at the bottom of the cleft, were concluded to be the catalytic residues, serving as the general acid and base, respectively, by Matsuura et al. 51) For the chemical mechanisms of catalysis of enzymes, protein engineering has been used to identify the residues that contribute to RNase T 1 -catalyzed transesterification reported by Steyaert.
65) Fushimi et al. concluded that deuterolysin is a member of a family of Zn 2+ -metalloendopeptidase with a new zincbinding motif, aspzincin, defined by the "HEXXH + D" motif and as aspartic acid as the third zinc ligand. 18) Two new evidences for enzyme-substrate formation were accumulated in this review. The first evidence was the trypsinogen activation by aspergillopepsin I from A. tubingensis (A.saitoi). Shintani et al. concluded that Asp-76 of aspergillopepsin I was the essential binding site for Lys-6 of basic substrate of trypsinogen. 30) Hence, electrostatic forces are stronger in the hydrophobic interior of proteins than on the solventexposed surface. For the raw starch affinity site of glucoamylase I, the second evidence was found by Goto et al. as O-linked oligosaccharides in threonine/serinerich region of glucoamylase I from A. luchuensis mut. kawachii (A. awamori var. kawachii) by expression in mannosyltransferase-disruptant of yeast. 15) For the gene expression, effects of water environment on glucoamylase gene from A. oryzae were appeared. The A. oryzae glucoamylase (EC 3.2.1.3)-encoding gene, glaB, is expressed specifically and strongly only during solid-state culture, koji, and the levels in submerged culture are much lower.
52) The glucoamylase encoding glaB gene is highly repressed in the submerged culture.
Acid activation of protyrosinase from A. oryzae to tyrosinase (EC 1.10.3.1, and EC 1.14.18.1) at pH 3.0 was discovered as a unique phenomenon. Tatara et al. resolved that the intersubunit polar interaction of tetrameric protyrosinase is disrupted at pH 3.0, and the tetrameric protyrosinase dissociates to the active dimers.
45) The dimerization of acid-activated tyrosinase involving the intermolecular disulfide bond with Cys-108 is essential for the activity.
The new oligosaccharide moieties, Man 10 GlcNAc 2 37) and Man 11 GlcNAc 2 , 38) of serine carboxypeptidase from A. tubingensis (A. saitoi) were identified with α-1,2-mannosidase 39) from A. tubingensis (A.saitoi). Tatara identified catalytic residues of Ca 2+ -independent α-1,2-mannosidase from A. tubingensis (A. saitoi) by site-directed mutagenesis. 41) A yeast mutant capable of producing Man 5 GlcNAc 2 human-compatible sugar chains on glycoprotein was constructed by Chiba et al. 42) This is the first report of a recombinant S. cerevisiae able to produce human compatible high mannose-type Man 5 GlcNA 2 -oligosaccharides.
For the overexpression system, recombinant α-1,2-mannosidase (EC 3.2.1.113) from A.tubingensis (A. saitoi) was constructed in A. oryzae cells. 91) Approx. 320 mg of pure enzyme was obtained per liter of culture. The hyper-protein production system of glucoamylase (EC 3.2.1.3) was also established. 46) The glaB-type glucoamylase of A. oryzae selected as the target protein was produced in a submerged culture of under the control of the melO promoter. The importance of this work is in the establishment of a highlevel and high-purity protein overproduction system.
Fundamental questions still remain regarding the detailed mechanisms of enzyme activity and its relationship to enzyme structure. The two most powerful tools that have been brought to bear questions in modern times are the continued development and use of biophysical probes of protein structure, and the application of molecular biological methods to enzymology. Furthermore, the tools of molecular biology have allowed scientists to clone and express enzymes in foreign host organisms with great efficiency. Enzymes that had never before been isolated have been identified and characterized by molecular cloning. Overexpression of enzymes in prokaryotic and eukaryotic hosts has allowed the purification and characterization of enzymes that are available only in minute amounts from their natural sources. This has been a tremendous advance for protein science in general. 99) Aspergillus oryzae is generally recognized as a nonpathogenic fungus. A history of safty 100) and non-productivity of aflatoxin is well established for industrial strains, and A. oryzae is considered "general recognized as safe (GRAS)" by the United States Food and Drug Administration (FDA).
101) Molecular analysis of an inactive aflatoxin biosynthesis gene cluster in A. oryzae was reported by Tominaga et al. 102) We have seen in this conclusion that the science of enzymology and enzyme technology for A. oryzae, A. sojae, and A. luchuensis, the national fungi of Japan, has a long and rich history. From phenomenological observations, enzymology has grown to a quantitative molecular science.
